Abstract
waters and their sediments [9] . As an immediate emergency measure the red mud layer was removed from the soil surface in residential areas and the surface water was neutralised by acid dosing (acetic, hydrochloric, nitric) [12] . Following the catastrophe the immediate assessment of the short-term environmental risk of red mud was required, given its high alkalinity and elevated Na content. According to previous studies on the risks associated with red mud the toxic metals and radioactive isotopes were also considered. Burke et al. [13] found that the high alkalinity has mobilized some of the toxic metals, typically As, Cr, Ni, Se and V. Assessing the long term risk of the high Na-concentration Gruiz et al. [9] found that it increased the risk of sodification. According to Grundy et al. [14] the red mud exposure does not appear to have posed any immediate genotoxic hazard on inhabitants after the Ajka red mud spill.
Apart from its highly alkaline pH (pH=11 on the average) and high sodium content owing to the digestion step of the Bayer process, red mud is a recyclable and reusable material with beneficial properties [15] . Utilization of red mud has environmental and economic importance because of its composition and annually generated amount [16, 17] . Some attempts have been made to apply red mud for soil improvement. Red mud has been applied in agriculture for the improvement of acid sulfate soils [18, 19] . It is proven to be effective in raising the pH of soils with high organic matter content [20] and low pH [21] . Red mud can also be applied for chemical stabilization of metal contaminated soils [22, 23, 24, 25, 26, 27] . However, no combinations of afteruses are currently sufficient to avoid terrestrial disposal of the majority of red mud arisings globally.
Further to the 2010 red mud spill the topsoil in the affected residential and grassland areas was overlain by 3−45 cm thick red mud deposits [28] , wherefrom the alkali solution infiltrated into the underlying soil [9] . The red mud deposit was recovered and the (>5 cm) residual red mud layers were ploughed into the soil, since the available mechanical tools could not remove the very thin red mud layers from the soil surface [9, 29] . Soil microcosm experiments have been conducted to determine the maximum proportion of red mud which may be mixed into the soil with no adverse effect on the soil as natural habitat. The experiments were monitored by an integrated approach, combining physical, chemical, microbiological and eco-toxicological methods. The aim of our experiment was to predict the red mud amount that poses no risk on the mid-term to the environment when mixed into the soil in view of its potential utilisation as soil ameliorant in the future. Studying of the midterm effect of red mud mixed into soil is novel as compared to other studies conducted so far [28, 25, 30] . These studies have focused on the relatively short term effect of red mud on the soil surface, while the effect of mixing red mud into the soil was studied only by Ruyters et al. [31] . In addition, our study targets potential utilisation of red mud as soil ameliorant.
Materials and methods 2.1 Experimental set-up
The red mud (RM) samples for laboratory experiments were collected from an area flooded by red mud along the Tornacreak (47° 6' 53.1072"N, 17° 23' 5.1792"E), approximately 15 km West from the source of the spill 4 months after the catastrophe. By the time of sampling the pH of the spilled red mud had already decreased to 10.2 from 13.0 which was the average pH of the red mud in the Ajka red mud storage facility. The red mud was mixed with sandy soil (S) at 0 w / w % (untreated control), 5 w / w %, 10 w / w %, 20 w / w %, 30 w / w % and 40 w / w %, respectively. The sandy soil sample (S) was taken from the red mud flooded grassland between Somlóvásárhely and Devecser (47° 6' 48.2178", 17° 24' 20.3112") 4 months after the accident. By that time the red mud had been removed from its surface and, the alkalinity had already been washed off by snowmelt and rain as shown in Table 1 [9] . The soil is characteristically of light texture (pebbly sand, sand or loamy sand), though silty or clayey intrusions occur in some places [28] . The experimental setup included also a reference, uncontaminated soil (R), collected from a grass-land nearby Ajka (47° 6' 43.4448", 17° 23' 35.3646"), not affected by the 2010 red mud spill.
The soil / red mud mixtures and the untreated soil (S) were placed into 2 kg flowerpots (microcosms). Triplicate experiments were performed as a check on data reproducibility.
The microcosms were open and their moisture content was set to 60 % of their maximum water holding capacity. The microcosms were irrigated with tap water to their initial water content, every second week. The soil microcosms were maintained at room temperature (25 °C) for 8 months. Samples were taken from the static solid phase microcosms after the first, the second and the eighth month.
Integrated methodology for soil characterisation and monitoring
We monitored the effects of different red mud doses on the soil ecosystem with a complex methodology that integrates physical, chemical, biochemical analysis and ecotoxicity testing [32, 33] .
Chemical analysis
The total metal concentration was measured after aqua regia digestion (3:1 hydrochloric acid-nitric acid ratio; 1:4 soil extractant ratio; 2 hrs at 25 °C; microwave digestion) by ICP-AES (Jobin-Yvon Ultima 2 sequential instrument), according to Hungarian Standard 21470-50:2006. To predict the mobile (water-soluble) metal concentrations we analyzed the distilled water extract of the samples (pH 7.0; 1:10 soil extractant ratio; agitation for 4 hrs at 25 °C, HS 21978-9:1998). The pH was determined according to the Hungarian Standard (MSZ-08-0206/2-1978) at a 1:2.5 soil:water suspension after 12 hours.
Experimental design of biological and ecotoxicological measurements
The microbiological and ecotoxicological tests were carried out in three replicates. The environmental toxicity tests measured the integrated adverse effects on testorganisms from three trophic levels: Aliivibrio fischeri (luminescent bacterium), Sinapis alba (plant) and Folsomia candida (animal).
The number of aerobic living cells in soil was determined in each soil sample by colony counting after cultivation of microorganisms occurring in soil suspensions [34] . Soil suspension was prepared as follows: 1 g fresh soil was placed into 9 ml sterilized tap water (sterilized in an autoclave, 10 min at 121 ºC) and was shaken for 30 minutes at 200 rpm, then from the soil suspension decimal dilution series were prepared. For the cultivation 100 µl from each dilution was pipetted into Petridishes. The nutrient agar was Peptone-Glucose-Meat extract (PGM) and it was sterilized for 10 min at 121 ºC. 10 ml agar was effused into each Petri-dish and was incubated at 30 ºC for 48 hours. Finally, the number of developed colonies (Colony Forming Units -CFU) was counted and the cell-concentration in the soil was calculated.
The Aliivibrio fischeri bioluminescence inhibition test was carried out based on the protocol described by Leitgib et al. [35] . 2 g of dry powdered soil (ground and sieved through a 2 mm sieve) was suspended in 2 ml 2 % NaCl solution, and then a fivestep dilution series was prepared. The reference luminescence intensity was measured with a luminometer (Lumac Biocounter M 1500 1) at the beginning of the test (t=0 min), then 50 µl of the soil dilution series was added to the 200 µl inoculums. The luminescence was measured after 30 minutes of contact time. The inhibition percentage (H %) of luminescence intensity were calculated compared to reference soil. The inhibition percentage (H %) values were plotted against the soil doses and then the effective dose values (ED20 and ED50 -Effective Dose 20 and Effective Dose 50, dose causing 20 % and 50 % inhibition) were determined from the dose-response curve (inhibition percent values of different dilutions) after sigmoidal fitting of data by ORIGIN 8.5 software. For better interpretation of the results we worked out the "Copper Equivalent Method" for the soil sample containing toxic metals. The 20 % inhibition of soil is given in Cu equivalent (∑Cu20 (mg Cu kg−1 soil)), which means the Cu concentration that would cause the identical toxicity as the actual pollution in the soil. The concentration of Cu equivalent is determined from the Cu-calibration curve considering the same % of inhibition or other effect of the soil [35] .
The Sinapis alba (white mustard) root and shoot growth inhibition test was carried out according to the Hungarian Standard 21976-17:1993 modified to direct contact with soil as described by Leitgib et al. [35] . Sinapis alba seeds (20 pieces) were placed onto 5 g dry powdered soil (ground and sieved through a 2 mm sieve) in a Petri-dish, wetted with 3.5 ml water and incubated at 20 °C for 3 days in darkness.
For the determination of the inhibition effect of soil samples the lengths of roots and shoots was measured.
The Folsomia candida inhibition test is an international standardized test method (ISO/TC 190SC4, WG2, [36] ). The test was carried out in a 200 cm 3 volume closed glass container. We used 10±12 days old juveniles. To carry out the test 20 animals were placed onto 10 g of dry powdered (ground and sieved through a 2 mm sieve) soil and incubated at room temperature for 7 days in darkness. The food and water supplying were 5 ml water and dried yeast powder added at the beginning of the test. At the end of the period of exposure to the control and treated soils, water was added and, following thorough stirring, the animals floated to the top of the suspension where they were counted.
Statistical analysis
To determine if the added amounts of red mud had a significant effect on the measured chemical parameters, we performed an analysis of variance (ANOVA) using StatSoft® Statistica 11. We established the level of significance to p<0.05. Fisher's least significant difference test was used for the comparison of the effects of various red mud amounts mixed into the soil.
Results and discussion 3.1 Metal content of the red mud and of the soil
The metal content of the reference (R) and of the untreated soil (S) samples was compared with the metal content of the red mud treated soil. The Mo and Na contents in the aqua regia digest of the untreated soil (S) were significantly higher than in the reference soil (R) ( Table 1 ). This may be due to leaching of these metals into the soil from the red mud deposit on the soil surface (S), as observed also by Rékási et al. [30] , in a column experiment modelling the leaching into the soil of metals from a 10 cm red mud layer.
The water soluble metal contents of the reference (R) and untreated (S) soils in our experiment indicated a similar process with significantly elevated Al, Ba, Cr, Cu, Na, Ni, Pb and Se concentrations in the untreated soil compared to the reference soil. Rékási et al. [30] observed an increase only in the water soluble Cu, Cr and Na concentrations and in the plantavailable (NH4-acetate + EDTA soluble) Cu, Pb, Na and Mo concentrations. The total amount of Zn in the reference soil (R) was higher than in the untreated soil (S), but this might be due to local differences in parent material.
Although others have found soluble vanadium in red mud leachates [37] , we omitted the vanadium analyses because there is no Hungarian standard for vanadium.
The total metal content of the untreated and of the reference soil was below the Hungarian quality criteria for soil (Hungarian 6/2009 (IV. 14.) KvVM-EüM-FVM decree) shown in the first column of Table 1 . The aqua regia-soluble metal content of the red mud was also below the Hungarian limit for sewage sludge (from wastewater for agricultural applications (Hungarian 50/2001 (IV. 3.) Government decree) except for two metals (Co and Ni).
The Co concentration was only 7.6% higher than the limit value, but the Ni concentration exceeded the limit value by 39.5 %.
Numbers marked with the same letter are significantly not different (p<0.05). LSD, Least significant difference. The total metal and the water soluble metal contents of the untreated and the reference soils were compared separately.
Effect of red mud on the soil pH and on the metal content
The pH of the untreated soil (0 % red mud) was moderately alkaline (pH 7.5). Following the application of red mud, the soil pH had increased: the addition of 5 % red mud increased the pH of the soil by 1.7 units; 10 % by 2.1 units; 20 % by 2.3 units; 30 % and 40 % by 2.5 units (Table 2 ). This is in accordance with the results of Lombi et al. [25] who observed an approximately 1.4 units increase of the soil pH (from pH 6.4 to pH 7.8) after the addition of 2 % red mud.
The total metal content and the water soluble metal content of the soils increased with the red mud loading. We monitored the concentrations of As, Cr, Cu, Ni, Mo, Na and Pb in each soil microcosm. The As, Cr and Ni concentrations in the red mud mixed soils (Table 2) exceeded the Hungarian quality criteria for soil (Hungarian 6/2009 (IV. 14.) KvVM-EüM-FVM decree) as shown in the first column of Table 1 .
The Mo and Na concentrations were higher in the untreated soil than in the reference.
Our results (Table 2) showed that the red mud loading had a significant (p<0.05) effect on both the total and the water soluble As, Cr, Cu, Ni, Mo and Na content. There was no significant effect on the water soluble Pb content. At 10 % red mud dose the total As, Cr and Ni concentration exceeded the Hungarian quality criteria for soil, similarly to the findings of Ruyters et al. [31] . According to Ruyters et al. [31] 4.9 % and 16.5 % red mud dose in a similar soil type resulted that the aqua regia extractable Ni concentrations exceeded the Hungarian quality criteria, while 16.5 % red mud dose caused exceedance of the Hungarian quality criteria for Cr. Based on the chemical analysis of the microcosm samples we found that at 5 % red mud dose the concentrations of the examined toxic metalloids did not exceed the Hungarian quality criteria for soil.
The red mud has high Na content, typical for bauxite residues of the Bayer process [38] . High Na-concentration in the soil increases the risk of sodification. Gruiz et al. [9] recommended Na: 900 mg/kg concentration as site specific screening value for the soil of the Ajka region.We found that this value had already been exceeded in the 5 % red mud containing soil. Red mud loading in soil had significantly increased the total and the water soluble Na content compared to the untreated soil ( Table 2) .
The same pattern was found by Ruyters et al. [31] . The salinity of red mud may affect plant growth on the short term. However, depending on the salinity of the soils (Table 3) at 5 %, 10 % and 20 % red mud dose the soils became slightly saline according to Stefanovits [39] , therefore, the growth of only some very salt-sensitive crops would be inhibited. The 30 % and 40 % red mud dose resulted in moderately saline soil, inhibiting the growth of most cultivated crops, but the growth of salt-tolerant crops would be undisturbed. According to salt content of the soil samples we found a tolerable inhibition of plant growth at below 20 % red mud dose. 
Influence of red mud on soil microorganisms and ecotoxicity
The characterization of soil microbiological activity and its quality as habitat was based on the determination of bacterial cell concentration in the soil (Fig. 1) . In the short experimental run (during two months) the concentration of colony forming cells increased compared to the reference soil (R) and untreated soil (S) in case of 10 %, 20 % and 30 % red mud dose. The number of aerobic heterotrophic living cells did not increase at 5 % red mud dose compared to the untreated soil and decreased at 40% red mud dose, however in the latter case the cells adapted to the medium by the second month. The number of microorganisms decreased during the experiment in the treated microcosms and also in the reference soil on the mid-term. Castaldi et al. [40] , who treated with red mud acidic soil contaminated with Pb, Zn and Cd, found that red mud had significant short term positive effect on the soil microbial cell number. Lombi et al. [25] also observed an increase in the microbial biomass volume in metal contaminated soil after red mud application. Examining the fluvial sediments in the Marcal river after the Ajka's red mud spill Klebercz et al. [41] concluded that red mud appears to stimulate aerobic heterotrophic microbial populations, resulting a 10-100 times increase in microbial colonies in the red mud containing samples over reference samples.
The results of the Aliivibrio fischeri bioluminescence inhibition test are shown in Fig. 2 , where the smaller ED20 values (Effective Dose causing 20 % inhibition) mean higher toxicity. The reference soil was used as control for the calculation of the inhibition percentage. The untreated soil was not toxic therefore no ED20 values could be determined, as the bioluminescence inhibition was below 10 % at the highest soil dose. Based on the ED20 values the soil containing 5 % red mud was the least toxic of all. The inhibition in Cu equivalent (ΣCu20)
Values followed by the same letters, indicate no significant differences at the level of p=0.05. LSD, Least significant difference Table 2 Total (aqua regia extract) and water-soluble element concentrations in the red mud mixed soil (at the beginning of the experiment) was determined based on the ED20 values to ensure the comparability of data and it showed that the toxicity was very high at above 5 % red mud treatment. The 20 % inhibition expressed in Cu equivalent at 5 % red mud dose was 1238 mg Cu kg−1 soil in the first month (very toxic), 144 in the second (slightly toxic) and 8 mg Cu kg−1 soil in the eighth month (non toxic). The borderline of the tolerable harmful effect on the testorganism is shown in Fig. 2 . The inhibiting effect of the 5 % red mud dose shows a decreasing trend during the 8 months of the experiment: very toxic during the first month and non-toxic by the eighth month. Within the 20-40 % red mud dose range the samples showed approximately the same toxicity during the experiment.
According to the experiments performed by Rékási et al. [30] , the bioluminescence inhibition did not change significantly after the red mud treatment of the soils, but the untreated alkaline red mud was toxic to Aliivibrio fischeri. The Sinapis alba root length is shown in Fig. 3 . With the increase of the red mud loading in most cases we found significant decrease in the root length as compared to the untreated soil (0 % red mud). At 5 % and 10 % red mud dose the root length decreased significantly during the first and the second month, but after eight months of incubation the difference disappeared. Ruyters et al. [31] found that low red mud doses (<1 %) stimulated the barley root elongation and barley plant yield for unknown reasons, but they also found significant decrease at 4.9 % and 16.9 % red mud doses in barley plant yield. In our experiment there was no difference between 5 % and 10 % red mud doses, neither between 20 %; 30 % and 40 % doses (except for the first month, where 30 % and 40 % red mud dose caused 100% inhibition in root growth: root length 0.0 mm). These results are similar to those of the Sinapis alba shoot lengths (Fig. 4) . However, there was no significant difference in shoot growth of the untreated and of the 5% red mud treated soil in the second and the eighth months. The 10 % red mud treatment resulted in a significant decrease in shoot growth at each sampling time compared to the untreated. At 20 %, 30 % and 40 % red mud dose there was no significant difference in the effect of the above doses during the second and the eighth months. At 30 % and 40 % red mud addition into the soil the Sinapis alba root and shoot length decreased drastically during the first month but it had improved in time. However, 20 %, 30 % and 40 % red mud dose resulted in significantly smaller root and shoot growth, compared to the untreated soil, and to the 5 % and the 10 % red mud treatment. Assessing both the root and the shoot growth results we concluded that 5 % red mud application did not have any significant harmful effect on the soil on the midterm. Lombi et al. [25] reported positive effect of red mud on crops and they found that red mud addition reduced the toxic effect of Cd, Cu, Ni, Pb and Zn in the contaminated soil. Rékási et al. [30] also stated that the length of 3-day-old Sinapis alba roots and shoots increased by 131 % and 64 % after 120 days. The Folsomia candida (Collembola) lethality test (Fig. 5 ) results showed that the red mud loading of the soil did not cause any inhibition in the testorganism compared to the untreated soil except for 40 % red mud loading. At 40 % red mud loading of the soil the number of surviving animals decreased with 18% (in the 1st month), 50 % (in the 2nd month) and 30 % (in the 8th month). Rékási et al. [30] found that the mortality was 7 % in the top soil layer (0-30 cm) and 13.3 % in the 30-50 cm layer after 120 days.
Winkler [42] have analysed the collembolan community structure and species abundance distributions in the red mud polluted areas in Western Hungary. Their study demonstrated that there was no adverse effect in Collembola abundance on the soil fauna revitalisation and recolonisation.
The results of this study underline and demonstrate the need of toxicity test-battery application, which is able to measure different responses and interactions. Bioassays are influenced by the physico-chemical characteristics of the soil. Each toxicity test method has particular uses and limitations, and no single test has universal applicability. Different testorganisms dispose various sensitivities so it is not possible to give a general recommendation for the application of the toxicity tests. In this study the most sensitive direct contact tests were Alivibrio fischeri bioluminescence test, followed by Sinapis alba root and shoot growth inhibition test and Folsomia candida lethality test. Aliivibrio fischeri is very sensitive to alkalinity and heavy metals; Sinapis alba is sensitive to wide range of toxic substances contrast to the Folsomia candida which is mostly sensitive to the dermal adsorption and volatile substances. Because of this very important to combine ecotoxicity tests in a 'battery of tests', that is diversified enough to characterize different types of toxicants and different trophic levels.
Our mid-term laboratory study applied a complex monitoring methodology including biological, toxicological and analytical measurement methods. Based on the results we found conformity between the test methods. The toxic metal analysis showed that 5% red mud in soil resulted still an acceptable metal content. The soil toxicity measurements and the soil microflora activity analysis proved that 5 % red mud did not cause any adverse effects on the soil as habitat.
Conclusion
The effect of different red mud doses on the soil affected by the red mud disaster in 2010 at Ajka, Hungary was modelled in mid-term laboratory microcosm experiments. The aim of the study was to assess the red mud/soil proportion at which the soil as natural habitat is not adversely affected in view of the potential utilisation as soil ameliorant. Mixing 5 w/w % red mud into sandy soil from the area affected by the spill has caused an increase in the total amount of As, Cr, Mo, Ni, Pb and Na, and in the water soluble fractions of Mo and Na. However, at 5 w/w % red mud dose the total metalloid amounts in the soil did not reach the Hungarian quality criteria for soil and the soil was classified as low salinity soil. 5 w/w % red mud loading shifted the pH of the moderately alkaline soil to the highly alkaline domain. At 10 w/w % red mud dose in the soil the total As, Cr and Ni concentrations exceeded the Hungarian quality criteria for soil.
The ecotoxicological test results showed that 5 w/w % red mud had no significant adverse effect on the Sinapis alba shoot and root growth and on the Aliivibrio fischeri bioluminescence on the mid-term and neither on the number of living Folsomia candida, while at more than 10 w/w % red mud dose both Sinapis alba plant growth and the Aliivibrio fischeri luminescence was significantly inhibited. For Folsomia candida only the 40 w/w % red mud dose caused significant inhibition. The conclusion of our experiment is that red mud could be mixed at up to 5 % into the soil without any mid-term adverse effect on the soil as natural habitat. (S: untreated soil, R: reference soil, RM: red mud)
